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ABSTRACT 

Continuous and discontinuous NaF f i b e r s ,  mbedded i n  a NaCl matr ix,  have 

been produced i n  space and on ea r th ,  respect ively.  The production of ccntinu- 

ous f i b e r s  i n  a eu t ec t i c  mixture was a t t r i l ju ted  t o  the  absence of convection 

cur ren t  i n  tt.e l i qu id  during so l id i f ica t io .1  i n  space. Image transmission and 

o p t i c a l  t ransni t tance  measurements of t ransverse  s ec t ions  of the space-grown 

and earth-grown ingots  were made with a l i g h t  microscope and a spectrometer. 

It was found that b e t t e r  o p t i c a l  p roper t ies  were obtained from samples grown 

in space. This was a t t r i b u t e d  t o  a b e t t e r  alignment of NaF f i b e r s  along the  

ingot axis .  

A new concept is advanced t o  explain the  phenomenon of t ransmit tance 

versus f a r  in f ra red  wavelength of the  d i r e c t i o n a l l y  s o l i d i f i e d  NaC1-NaF eutec- 

t i c  i n  terms of the two-dimensional Bragg Sca t te r ing  and the  polar iza t ion  

e f f e c t  of Rayleigh sca t te r ing .  This concept can be appl ied t o  o ther  

e u t e c t i c  systems a s  long a s  the index of r e f r ac t ion  of t h e  matrix over a range 

of wavelengths is known. Experimental da t a  a r e  i n  exce l len t  agreement with 

the  theo re t i ca l  predict ion.  
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Section 1 

INTRODUCTION 

When c e r t a i n  binary e u t e c t i c  mixtures s o l i d i f y ,  one of t he  two ph.3ses 

can form f i b e r s  o r  p l a t e l e t s  i n  a matr ix  of the  second phase. For example, 

when a e u t e c t i c  l i qu id  of NaCl and NaF so l f . d i f i e s ,  f i b e r s  of  NaF form i n  a 

matr ix  of Nt.Cl.  

F ibe r l i ke  and p l a t e l i k e  e u t e c t i c s  produced on Earth a r e  l im i t ed  i n  

per fec t ion  by the  presence of a banded s t r u c t u r e ,  [1*21 d i scon t inu i ty ,  [31 

and f a u l t s  [4b51 due, a t  l e a s t  i n  p a r t ,  t o  v ibra t ion  and convection cu r r en t s  

in t he  melt during s o l i d i f i c a t i o n .  The presence of these  de fec t s  renders  t he  

so l id - s t a t e  e u t e c t i c  devices  i n e f f i c i e n t  and use less .  16' However, i f  t h e  

s o l i d i f i c a t i o n  process is  pixformed i n  a space enviranment, where the re  is  no 

v ib ra t i on  and convection cur ren t  i n  t he  melt, there  is reason t o  hope t h a t  

f au l t - f r ee ,  continuous and pe r f ec t  p l a t e l i k e  and f i b e r l i k e  e u t e c t i c  micro- 

s t r u c t u r e s  can be produced. Thus, the e l e c t r i c a l ,  thermomagnetic, and su?er- 

conducting c h r a c t e r i s t i c s  of such e u t e c t i c s  w i l l  be s t ~ o n g l y  an iso t rop ic ,  and 

t h i s  w i l l  make poss ib le  var ious exc i t i ng  device appl ica t ions .  



Section 2 

The objec t ives  of t h i s  p ro j ec t  were: (1) t o  prepare,  i n  a  space ex re t i -  

ment, f i b e r l i k e  NaF-NnC1 e u t e c t i c  with co:~tinuous f i b e r s  embedded i n  t h e  

matrix. This e u t e c t i c  cannot be producea on Earth due t c  t he  presence of 

convection cur ren ts  and v ib ra t i on  i n  the  melt during s o l i d i f i c a t i o n ;  (2) t o  

e x t r a c t  a  few f i b e r s  from a Skylab-grown NaC1-NaF e u t e c t i c  ingot  and a l s o  

from Earth-grown ingots ,  and t o  determine whether t h e  ex t rac ted  f i b e r s  were 

continuous o r  discontinuous; ( 3 )  t o  sketch a  hypothet ical  advancing so l id-  

l i qu id  NaC1-NaF e u t e c t i c  i n t e r f a c e ;  ( 4 )  t o  ca l cu l a t e  t he  i n t e r f i b e r  spacing 

of the  NaF f i b e r s ;  and ( 5 )  t o  measure t ransmit tance versus  wavelength curves 

of Skylab-grown, and Earth-grown ingots ,  both along and perpendicular t o  t he  

f i b e r  axes. 



Section 3 

EXPERIMENTAL PROCEDURE 

NaC1-21 w t X  NaF e u t e c t i c  ingots  were pxepared from 99.96% NaCl and 99.7% 

NaF, obtained from Research Organic-Inorga~lic Chemical Corporation, Su. i Valley, 

Cal i fornia .  The salt ingots  were melted and s o l i d i f i e d  in  an induction furnace 

under an argon atmosphere. After  so l id i f  ic;,tion, each ingot was machined t o  

the shape and dimensions a s  depicted i n  Figure 1, labeled as Sample. 

To hold the  s a l t  ingot ,  a graphi te  c ruc ib le  was machined from a high pu r i ty  

graphite rod 1/2 in. in diameter and 12 in .  long, obtained from Ul t r a  Carbon 

Corporation, Bay City,  Michigan t o  the dimensions of 4 in .  i n  length,  0.350 in.  
I 

O.D., and 0.310 in.  I.D. Since graphi te  is  a very f r a g i l e  mater ia l ,  a spec i a l  

method was employed t o  machine the crucibles .  S t a r t i n g  with a 0.5 in .  rod 

I mounted i n  a l a the ,  the 0.310 in .  hole was d r i l l e d  so as t o  be concentric. with 

the  graphi te  rod. Then a 0.31 in. brass  rod was inser ted  inLo the  0.310 in .  

hole t o  give the  graphi te  tube support while t he  outer  diameter was machined 

from 0.5 in .  t o  0.35 in. in diameter. The graphi te  c ruc ib les  were c u t  t o  

I 4.375 in. i n  length and then calcined i n  vacuum a t  950 deg. C f o r  25 hours. 

The s a l t  ingot-graphite c ruc ib le  assembly was then loaded i n t o  a 304 

s t a i n l e s s  s t e e l  container of dimensions shown i n  Figure 1. The s t e e l  con- 

t t a ine r  was made from 0.375 in .  O.D. and 0,355 in .  I . D .  s t a i n l e s s  s t e e l  tubing 

f obtained from Tube Sales  Co., Los Angeles, Cal i forn ia ,  with a s t a i n l e s s  s t e e l  

1 
' r 

plug heliarc-welded t o  one end of t he  tube. Af te r  loading the  ingot-crucible 

assembly, the inner wal l  of the  s t a i n l e s s  s t e e l  container  was coated with a 

graphi te  pas te  where the  salt ingot is exposed t o  the container .  Then a 

calcined graphi te  d i sk  (0.010 in.  th ick)  was placed over the end of t he  inbot.  

The graphi te  paste and d i sk  were employed t o  prevent a reac t ion  between tine 

container and the salt when the  s a l t  was l a t e r  remelted and r e so l id i f l ed .  The 
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container  was then sealed by h e l i a r c  welding a cap, wi th  a 860 vent  ho le  as 

shown i n  Figure 1, i n  place.  

There were t h r ee  groups of samples in-rclved. A l l  were prepared i n i i i a l l y  

a t  UCLA. The f i r s t  s e t  was r e t a ined  at UC'LA f o r  l a t e r  comparison, (grou? A).  

The second was s en t  t o  Westinghouse Labor:itories t o  be regrown i n  a proto-type 

furnace f o r  comparison with t h e  space grown samples, (group B). The t h i r d  group 

of t h r ee  samples went from UCLA t o  t he  Skylab f o r  growth i n  space,  (group C). 

The r e s o l i d i f i c a t i o n  experiment i n  Skylab 3 was ca r r i ed  out ir. a mult,- 

purpose e l e c t r i c  furnace. [71  One-half inch of tne  e u t e c t i c  sample i n  t h i s  

experiment adjacent  t o  t he  g raph i t e  d i s k  was l e f t  unmelted and the  remaining 

por t ion  of t he  sample was melted and r e s o l i d i f  i ed  un id i r ec t i ona l ly  toward the  

. empty space of the ampoule a s  ind ica ted  i n  Figure 1. The s o l i d i f i c a t i o n  r a t e  

w a s  0.6°C/min and the  temperature grad ien t  was 50°C/cm. 



Sect ion 4 

RESULTS 

The experimental r e s u l t s  a r e  presented i n  f i v e  p a r t s .  The f i r s t  p a r t  

concerns t h e  macro- and micros t ruc tures  of t h e  saiupies Liiat were grown i n  

Skylab 3 and on Earth. The second p a r t  concerns the  ex t r ac t i on  of continuous 

NaF f i b e r s  embeda?d in  a NaCl matrix.  The t h i r d  p a r t  d e a l s  with the shape of 

t he  advancing so l id- l iqu id  i n t e r f a c e  of t h e  Skylab-grown ingot .  The fou r th  

p a r t  is t o  c a l c u l a t e  t he  i n t e r f i b e r  spacing of t he  NaF f i b e r s  of the Skylab- 

grown NaC1-NaF eu t ec t i c .  The f i f t h , p a r t  concerns t he  image transmission of 

t h e  NaC1-NaF e u t e c t i c ,  and the  s i x t h  pa r t ,  the  o p t i c a l  t ransmit tance.  

4.1 Macro- and Microstructures  

Af te r  t he  space experiment t he  t h r ee  ampoules were hand-carried t o  u s  by 

M r .  W i l l i a m s  of NASA and were given th ree  i d e n t i t y  numbers (M564-6, M564-10, 

and M564-11). Radiography f o r  voids  was ca r r i ed  out a t  NASA, Huntsvi l le .  

* 
Figure 2b is  a radiograph of t h e  t h r ee  l a r g e  c y l i n d r i c a l  c a r t r i d g e s  contain- 

i ng  t h e  th ree  samples and Figure 2a i s  a radiograph of the  t h r ee  ampoules, 

a f t e r  they had been removed from the  ca r t r i dges .  In  both f i gu re s ,  voids  a r e  

present  i n  a l l  t h r e e  samples. Sample 1/10 of Figure 2a shows the  presence of 

a disconnect ion which apparent ly  occurred when the  ampoule was removed from 

the  ca r t r i dge .  

Figure 3 is a macro-photograph showing t h e  appearance of the  t h r ee  

ampoules a f t e r  the  space experiment. The su r f aces  of the  s t a i n l e s s  s t e e l  

cy l inde r s  and the  copper tubing were i n  pe r f ec t  condi t ion.  Remelting of t he  

s i l v e r  so lder  was not  de tec ted  i n  t h e  j o i n t  binding the  s t a i n l e s s  steel 

cy l inder  and copper tubing together .  

* 
Note b ra s s  plugs a t  one end of c a r t r i d g e  and s t a i n l e s s  s t e e l  tubes (about 1" 
d i a )  a t  the  o ther .  

P R ~ I N G  PACE B W K  id',; i;.".. 



Figure 2. Space-Grown Samples. 
(a) Radiograph of three ampoules after removal from cartridges. 
(b) Radiograph of three cartridges containing ampoules. 



t *: 
Figum 3. Photomacrograph of the Three Skylab Ampoules. X0.8 



Figure 4 i e  a macro-photograph of the  th ree  skylab-grown samples taken 

out  of t he  ampo,ules by gr inding o f f  t h e  welded ends of each s t a i n l e s s  s t e e l  

cyl inder .  Carr:fal inspec t ion  of  the  sur face  o f  the samples revealed no reac t ion  

between the  1':Cl.-NaF e u t e c t i c  and the  graphi te  container .  In  sample 1/10, two 

t ransverse  fr i lc tures  su r f aces  occurred, both a t  the  head and t a i l  por t ions  of 

t he  sample a s  revealed in Figure 4. However, the f r a c t u r e ,  which occurred 

a f t e r  the  r e - e > l i d i f i c a t i o n ,  d id  not  i n t e r r u p t  t he  growth pa t t e rn  of the  sample. 

Figure 5 Is a macro-photograph of the  s o l i d i f i e d  sample (number 6 ) ,  show- 

ing t he  geometry of t h e  meltback In t e r f ace ,  columqar g ra ins  of the s o l i d i f i e d  

port ion of the sample (on the  r i g h t  of the  i n t e r f a c e ) ,  and the  unmelted port ion 

of the  sample (on the l e f t  of the i n t e r f a c e ) .  An enlarged port ion of the 

s o l i d - l i q u l i  i n t e r f a c e  13 given i n  Figiirif: 6 which shcws the  beginning oz the 

s o l i d i f i c a t l o n  process. The NaF f i b e r s  here  grew i n  a d i r e c t i o n  perpendicular 

t o  t he  interded d i r ec t ion .  This i nd ica t e s  t h a t  the d i r e c t i o n  of hea t  extrac-  

t i o n  during the onset  of - . l i d i f i c a t i o n  w h s  not p a r a l l e l  t o  the growth 

d i r e c t i o n  a s  intended. However, i n  a d i s tance  not  f a r  away from t h e  i n i t i a l  

so l id- l iqu id  i n t e r f a c e  (about 0.08 cm), the  NaF f i b e r s  began t o  a l i g n  toward 

the  growth d i r ec t ion .  Figure 7 is a r ep re sen ta t ive  photomicrograph of a 

longi tudina l  sec t ion  of s,lmple #6 showing the long continuous f i b e r s .  A 

representa t ive  photomi(,rsgraph of a t ransverse  sec t ion  of a sample i s  shown 

i n  Figure 8 which revea ls  the  shapes of the f i b e r s  which a r e  p r e f e r e n t i a l l y  

rectangular  with rounded o r  angular ends. A scanning e l ec t ron  photomicrograph 

showing t h .  shape3 of NaF f i b e r s  grown on Earth,  (from group B), is given 

i n  Figure 9a, which is tne  perspec t ive  view of the rectangular  NaF f i b e r s ,  

protruding from .klc continuous NaCl matrix.  Notice t h a t  the f i b e r s  a r e  not 

paral le l-  t o  f ne another.  Figure 9b shows a corresponding SEN view of the 

Skylab-grown ingo t ,  showing t h a t  a l l  the NaF f i ~ e r s  a r e  al igned in  one 



Figure 4. Macro-photograph of NaCP-NaF E u t e ~ i ! ~ ,  Grown in the Skylab. 
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Figure 6. Enlarged Portion at the Original Sdid-Liquid Interface. X410 





Figure 8. Photomicrograph of the Transverse Section Showing 
Shapes of NaF Fibers. XI500 



Figure 9a. Scanning Electron Photomicrograph of the Earth-Grown 
NaF Fiben. X2100 

Figun 9b. Scanning Electron Microgaph of the Skylab-Grown 
NaF Fikn,  X32W 



d i r ec t ion .  This demonstrates t h a t  t he  d i r e c t i o n  of hea t  flow was perpendicu- 

l a r  t o  t he  advancing so l id- l iqu id  i n t e r f a c e  during the s o l i d i f i c a t i o n  process 

i n  the Skylah a f t e r  t he  i n t e r f a c e  had moved away from its s t a r t i n g  poin t .  

Single-grain e u t e c t i c  was not producecl i n  t he  presence of microgravity 

i n  space as evidenced i n  Figure 10 which i v  a t ransverse  s ec t ion  of sample ~ 1 0 .  

Many g ra ins  a r e  present  throughout t h e  whole cross-sect ion.  However, the 

f i b e r s  are al igned very r egu la r ly  p a r a l l e l  t o  t he  growth d i r ec t ion .  

Evidence support ing t h i s  is given in Figure l l a  which i s  a p i c tu re  t,ken 

from sample $6 gr,own i n  space. F i l t e r e d  l i g h t  from a Bausch C Lomb microscope 

was d i r ec t ed  a t  the lower end of the  sample. Due t o  good alignment of NaF 

f i b e r s  along the sample a x i s ,  l i g h t  was t ransmit ted from the lower end t o  and 

terminated a t  the melt-back i n t e r f a c e  which is abcut 1.4cm away from t h e  upper 

end of t he  sample. Light was not t ransmit ted through the unmelted por t ion  

of the sample because the f i b e r s  d id  not  l i n e  up with the sample a x i s .  Note 

t he  homogeneity of the sample as revealed in Figure l l a .  Figure l l b  is a 

por t ion  of a NaC1-NaF e u t e c t i c  sample grown v e r t i c a l l y  on Earth i n  a prototype 
\ 

furnace (group R) with very l i t t l e  convection cur ren t  i n  the  melt during growth. 

Light was completely t ransmit ted from one end t o  the  o t h e r ,  i nd i ca t ing  t h a t  

t he  NaF f i b e r s  a r e  al igned i n  the  d i r e c t i o n  of the growth ax is .  However, 

many s t r i a t i o n s  appeared on the  su r f ace  of the c y l i n d r i c a l  sample, i nd ica t ing  

t h e  presence of non-homogeneity i n  the  sample. A non-homogeneous c r y s t a l  

can be  transformed t o  a homogeneous one i f  it is grown i n  a space environment 

with neg l ig ib l e  grav i ty .  Figure l l c  is a p i c t u r e  taken from a sample grown k 

i n  an induct ion furnace a t  UCLA, (group A).  An attempt was made t o  s h 3 , ~ e  a 

. . 
l i g h t  at one end of t h e  sample hut  i t  d ' '  not t r a v e l  very f a r  because the  NaF 

f i b e r s  were not well-aligned i n  t he  d i r e c t i o n  of t h e  l i g h t .  However, when 

l i g h t  was shone on the  s i d e  of t1.e sample a s  indicated by the  white spot  



Figun 10. Macrophotograph of the Transverse Section of the NaCQ-NaF 
Eutectk, Showing Grains and Subgains. Xg Sample No. 10 





i n  Figure 10c, some transmit tance of l i g h t  occurred i n  t h e  d i r e c t i o n  perpendicu- 

lar t o  t he  sample a x i s  as w e l l  as p a r a l l e l  t o  the  a x i s ,  i nd i ca t ing  t h a t  t he  

f i b e r s ,  while  predominantly p a r a l l e l  t o  t h e  a x i s ,  are a l s o  p a r t i a l l y  perpendicu- 

lar t o  ~ t .  Bartded microstructure was evidenced i n  Figure l l c  ia agreement 

with our o r i g i n a l  predict ion.  

4.2 Sodium Fluoride Fibers  

Figure 12a is a ma -ograph of a space-grown ingot  t h a t  was immersed i n  

methyl a lcohol  f o r  f i v e  weeks t o  d i s so lve  t h e  NaCl matrix. The su r f ace  of 

t he  undissolved por t ion  of t he  ingot is encased with a sheath of NaF f i b e r s .  

An enlarged port ion of t he  ingot  containing the  unmelted por t ion  is given in 

Figure 12b. Notice t h a t ,  on the  right-hand s i d e  of t h e  in t e r f ace ,  t h e  

undissolved port ion of the e u t e c t i c  ingot  r evea l s  the presence of s t r i a t i o n s  

along the  ingot  axis. However, the s t r i a t i o n  d i r e c t i o n a l i t y  w a s  no t  evident  

i n  t he  unmelted port ion of t he  mgo t ,  i nd i ca t ing  t h a t  the  f i b e r s  a r e  s h o r t  and 

randomly d i s t r i bu ted .  Figure 13a proves t h a t  t h e  growth of f i b e r s  or ig ina ted  

a t  the  so l id- l iqu id  in t e r f ace .  Figure 13b is a p i c t u r e  of the  end c ros s  

sec t ion  of the unmelted port ion of t he  ingot ,  showing t h a t  t he  sho r t  NaF 

f i b e r s  produced on Earth (before t he  experiment), a r e  perpendicular t o  the  

cy l ind r i ca l  sur face  of t he  ingot .  A macrograph of the lower end of a Skylab- 

grown ingot a f t e r  d i sso lv ing  t h e  NaCl matr ix i n  alcohol  is given i n  Figure 14 

which shows t h a t  t he  NaF f i b e r s  a r e  indeed continuous. . Since the  macrograph 

waa taken when the  ingot  was d r i ed ,  t he  NaF f i b e r s  appear wavy. Figure 15 is 

a photograph of a Skylab-grown ingot taken when the  NaF f i b e r s  were suspended 

i n  methyl alcohol.  From t h i s  f i gu re ,  i t  is ev+dent t h a t  the  ind iv idua l  NaF 

f i b e r s  a r e  f i n e  and s t r a i g h t .  When t h e  Earth-grown NaC1-NaF e u t e c t i c  ingot  

was immersed i n  the  same so lu t ion ,  NaF f i b e r s  could a l s o  be ex t rac ted  from 

the  NaCl matrix. However, the extracted f i b e r s  were s h o r t  and discontinuous 

22 



Figure 12. Skylab-Grown Ingots Encased with Continuous NaF 
Fiben. (a) X2 and (bl X4.3. Sample No. 11. 
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Figure 13a. Continuous NaF Fiben Grown 
initially from the Solid-Liquid 
Interface. 

Figure 13b. Discontinuous and 
Randomly Oriented 
Fiben of the Earth- 
Grown ingot End. 
X8.6. Sample No. 11. 





Figure 15. Extracted Continuous NaF Fibers Suspended in Methyl Alcohol. 
Y384 (Skylab Sample No. 11 .I 



as indica ted  i n  Figure 16 i n  agreement with predic t ion ,  (sample from group B). 

In view of t he  above ana lys i s ,  i t  is concluded t h a t  continuous NaF f i b e r s  

have been produced i n  space. 

4.3 Advancing Solid-Liquid I n t e r f a c e  

According t o  Yue 18] ' the  formation of a tilt boundary i n  a e u t e c t i c  

mixture is a t t r i b u t e d  t o  t he  presence of an  izdenta t ion  generated at t h e  yer- 

turbed so l id- l iqu id  i n t e r f a c e  a s  predicted by Mullins and Sekerka. ['I ,is 

indenta t ion  may be r e f l e c t e d  i n  the  e u t e c t i c  s o l i d  a s  a small tilt between t h e  

f i b e r s  on each s i d e  of t he  indenta t ion  and shows up a s  a tilt bou~dary  wi th  

f a u l t s  of l i k e  s ign.  This is i l l u s t r a t e d  i n  Figure 17 which shows a small- 

angle  (15") tilt boundary (Skylab sample U6). On the  b a s i s  of t h i s  observa- 

t i on ,  i t  is t e n t a t i v e l y  concluded t h a t  a microscopically planar advancing 

sol id- l iquid i n t e r f a c e  was not  produced i n  the absence of g rav i ty  f o r  t he  

present  eu t ec t i c ,  which was not  t o t a l l y  pure, (99.96% NaCl and 99.7 % NaF). 

4.4 Inter-f  i be r  Spacing 

From the  thermal da t a  supplied by Westinghouse, we have ca lcu la ted  a 

range of growth r a t e  varying from 0.5 micron/sec t o  4 microns/sec f o r  group 

B samples. The measured in t e r - f ibe r  d i s t ances  in Space-grown and Earth-grown 

ingots  a t  growth r a t e s  around 3.5 micron/sec a r e  l i s t e d  below: 

I n t e r f i b e r  Distance, Microns 

Space-Grown Earth-Grown 

The average diameter of t he  f i b e r  is from 2 t o  3 microns. These measurements 

Ind ica t e  t h a t  t he re  is no s i g n i f i c a n t  d i f f e r ence  i n  i n t e r f i b e r  d i s t ance  

between t h e  Space-grown and the  Earth-grown ingots .  



Figure 16. NaF Fibers Extracted from Earth-Gr9wn NaCP-NaF Eutectic. X7.6 



Figure 17. Micrograph of NaCP-NaF Eutectic Showing a Small Angle Tilt Boundary. XI35 



4.5 Image Transmission 

Image transmission p rope r t i e s  s imi l a r  t o  those of f i b e r  o p t i c  mater ia l s  

have been obtained b~ o the r s  with an NaC1-NaF eu tcx t i c .  [ lo1  Since the  eutec- 

t i c  i n  t h a t  case  had discontinuous NaF f i b e r s ,  f a r  b e t t e r  r e s u l t s  w i l l  be  

obtained i f  the same o u t e c t i c  can be produced i n  space with continuous f i b e r s .  

Two c y l i n d r i c a l  s ec t ions  2.5 cm long were c u t  from Skylab-grown and Earth- 

grown (group B) samples. Image t ransmission experiments were made on these  

two samples. Their r e s u l t s  arc given in Figure 18. Figure 18a shows t h a t  an 

image was t ransmit ted from a source (a shee t  of paper containing the word 

"Skylab") through the length  of the sample, t o  its sur face .  The t ransmit ted 

image has the  same dimensions a s  the  source, i nd ica t ing  t h a t  t h e  NaF f i b e r s  

a r e  perpendicular t o  the  plane of t he  paper. However, t he  t ransmit ted image 

is not  a s  c l e a r  a s  t he  o r i g i n a l  image of the source ind ica t ing  t h a t  there  is 

a l o s s  through transmission. Some l o s s  is common t o  a l l  f i b e r  o p t i c s  rnateri- 

a l s .  A t ransmit ted image was not observed from a sample grown on Earth 

a s  evidenced i n  Figure lab.  This is a t t r i b u t e d  t o  the  presence of discontinu- 

ous and randomly d i s t r i b u t e d  NaF f i b e r s  i n  t he  NaC1-NaF e u t e c t i c  produced on 

Earth. 

4.6 Optical  Transmitt ailce 

2 
Figure 19  is a p l o t  of t ransmit tance vs.  wave number k (40 x 10 t o  

2 -1 4 x 10  cm ) f o r  NaC1-NaF e u t e c t i c s  grown a t  UCLA (group A) and grown i n  the  

Skylab (group C) .  The t ransverse  s ec t ions  of t h e  e u t e c t i c  sample were 0.107 

in.  thick.  For t h e  NaC1-NaF e u t e c t i c  grown a t  UCLA, where there  were convec- 

t i o n  cu r r en t s  present  i n  the  l i q u i d  during growth, the t ransmit tance was about 

10% over a narrow range of wave numbers, as indica ted  i n  Figure 19. When t h e  

same e u t e c t i c  was grown i n  space, where the re  were no convection cu r ren t s  i n  

- .. t h e  l i q u i d  during growth, the  t ransmit tance was increased t o  65% over a much 
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Figure 19. Far infrared transmittance curves for 
NaCI-NaF eutectics grown on earth 
and in space. Sample thickness .- 0.107 in. 
(Transverse section) 



l a r g e r  range of wave numbers. This was a t t r i b u t e d  t o  the achievement of 

producing continuous NaF f i b e r s  embedded i n  a continuous NaCl matr ix so  t h a t  

t h e  l o s s e s  due t o  r e f l e c t i o n  and r e f r a c t i o n  of l i g h t  within the  e u t e c t i c  

specimen have been reduced g rea t ly .  The shape of t he  transmission curve f o r  

-1 t he  Skylab-grown NaC1-NaF e u t e c t i c  i s  of grea t  i n t e r e s t .  A t  k > 40 x lo2 cm , 
the  t ransmit tance of t h i s  e u t e c t i c  approachzs zero. The explanation is  t t .a t  

t h e  i n t e r f a c i a l  atoms a t  the  f iber-matr ix i n t e r f a c e  a r e  mismatched. When 

inc ident  l i g h t  is d i r e c t e d  a t  the  su r f ace  of a e u t e c t i c  sample, a l a r g e  

f r a c t i o n  of t he  inc iden t  l i g h t  t ransmit ted through the e u t e c t i c  sample w i l l  

be l o s t  due t o  s c a t t e r i n g .  This  observat ion is in agreement with the  f a c t  t h a t  

the  higher t he  wave number (or t he  s h o r t e r  the wavelength), the  higher t h e  l o s s  

through s c a t t e r i n g .  

Figure 20 is a p l o t  of t ransmit tance versus  wavelength of a t ransverse  

sec t ion  of a sample vertically-grown on e a r t h  (group B) having varying thick-  

ness. The r e s u l t s  i n d i c a t e  t h a t  a t  a wavelength of 6p, t he  t ransmit tance 

Increases  from 40% t o  70% when t h e  sample thickness  was reduced from 0.080 

in. t o  0.063 in .  However, the  i nc rease  i n  t ransmit tance is not  evident  a t  

a wavelength g r e a t e r  than 15p. Figure 21 shows the  e f f e c t  upon t ransmit tancc 

of e tching i n  a l coho l  t o  d i s s o l v e  t h e  NaCl matrix.  It is seen t h a t  such sho r t  

e tch ing  produces no change at  the  long wavelength, and trinor changes a t  the  

s h o r ~  wavelength end of the range (5 t o  20 microns). 

Figures  22a and 22b show t h e  e f f e c t  of thickness  on the t ransmit tance 

perpendicular t o  a long i tud ina l  s ec t ion  of a UCLA-grown sample (group A ) ,  

using polar ized  l i g h t  w i th  e l e c t r i c  f i e l d  p a r a l l e l  and perpendicular t o  the 

f i b e r  axes r e spec t ive ly .  Figures  23a, 23b and 24 show the  same curves f o r  

Earth-grown samples (group B). In  t h i s  group, sample 19 was v e r t i c a l l y  grown, 

but  sample #3 was h o r i z o n t a l l y  grown. F ibers  of sample 1 3  were not  a l igned 
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Fig. 20. Far infrared transmittance curves of a transverse section of vertically grown 
eutectic (M564-9) of varying thicknesses. 



- UNETCHED ---- ETCHED FOR 5 MIN WITH CH30H 
-*-* ETCHED FOR 7 MIN WITH CH30H 

5 6 7 8 9 10 11 12131415 20 
WAVELENGTH (MICRON) 

Figure 21. Etching effect on far infrared transmittance curves of a transverse section 
of vertically grown NaCI-NaF eutectic (M564-9). Thickness = 0.0382 in. 
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Fiwre 22a. Far infrared transmittance curves of a lon&udinal section of UCLA-grown 
NaCI-NaF eutectic of varying thicknesses. EL to fiber axis. 
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Figure 22b. 'ar infrared transmittance curves of a loneud~nal section of UCLA-grown 
NaCI-NaF eutectic of varying thicknesses. €11 fiber axes 
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Figure 23a. Far infrared transmittance curves of a longitudinal section z f  vertically 
gown NaCI-NaF eutectic (M564-9) of varying thicknesses. E! fiber axis. 
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Figure 23b. Far infrared transmittance curves of a longitudinal s ~ t i o n  of vertically groat.n 
NaU-NaF eutectic (M564-9) of varying thicknesses. Ell fiber axis. 
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Figure 24. Far infrared transmittance curves of a longitudinal section of horizontallygrown 
NaU-NaF eutectic (M564-31 of varying thicknesses. 



due to the strong convection current during the growth. Hence the trans- 

mittance curve of a longitudinal section of sample 13 shows almost no 

transmittance for wavelength less than 7 ~ .  Figures 25a, 25b, 26a and 26b 

show the transmittance curves of longitudinal sections of Space-grown samples 

(group C). 
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Figure 2%. Far infrared transmittance curveszf a longitudinal sectlon of NaU-NaF euteaic 
(M564-6) of varying thicknesses. E l  fiber axis. 
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Figure 25b. Far infrared transmittance curves~f a longitudinal section of NaCI-NaF eutectic 
(M564-6) of varying thicknesses. Ell fiber ax~s. 
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F i m  26a. Far infrared transmittance curves of a longitudinal section of NaCI-NaF eutectic. 
(M564-10) of varying thicknesses. r!i fiber axis. 
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Figun 26b. Far i n f n r d  transmittance curves o i a  longitudinal section of NaCI-NaF eutectic. 
(N1564-10) of varying thicknesses. E 1 fiber axis. 



Section 5 

DISCUSSION 

5.1 NaF Fibers 

In a zero-gravity environment, there is no gravity-driven convection 

current in the liquid during solidification and there is no difficulty in 

mixing two liquid phases of different den~~ties. Furthermore, vibration 

levels in the spacecraft will be far lower than those on Earth. Consequer+tly, 

a homogeneous eutectic mixture consisting of continuous fibers can be pro- 

duced in a space environment, and microstructure sensitive to convection 

currents and vibration can develop undisturbed. Accordingly, the success in 

producing continuous NaF fibers as evidenced in Figures 12 and 15 is minly 

due to the absence of convection current in the melt during resolidification 

in space. 

5.2 Optical Transmittance 

Pure sodium chloride and sodium fluoride crystals, as is known from pre- 

vious work, have approximately 95% transmittance per cm of thickness up to 15 

and 9 microns respectively in the far infrared wavelength region. These curves 

are shown for comparison at the right of Figure 27. Beyond these ranges of 

wavelengths, these crystals have zero transmittance due to the optical modes 

of lattkce vibration of ionic crystals. Figure 27 also shows a set of trans- 

mittance versus wavelength curves of Skylab-grown (M564-6) and Earth-grokn 

(UCLA) fiberlike NaC1-NaF eutectics. If a thin piece of either one of these 

eutt ctica is cut along its fiber axis (longitudinal section) as illustrated 

in Figure 28, and is measured from 4 to 25 microns (p) wavelength with an 

infrared spectrometer, typical transmittance versus wavelength curves with 

polarized beam parallel and perpendicular to fiber axes are given in Figures 

26a and 26b, respectively. For the electric field parallel to fiber axes 

the tran8mittance is near zero over a range of wavelength less than Am (13 p), 



WAVELENGTH (MICRON) 

NilCI-NoF (M564-6) 

NaCI-NaF (UCLA) 

Figure 27. Far infrared transmission curve of transverse sections of NaCI-NaF I101 eutectia 
grown on earth and in space. Sample thickness = 0.107 in. 
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Fiwrr 28. Diagram illustrating quantities discussed in analyzing scattering measurements, for 

transmission through a longitudinal sample section. 



a maximum wavelength. When t h e  e l e c t r i c  f i e l d  i s  perpendicular t o  the  f i b e r  

axes,  the  percentage of t ransmit tance increases  over a range of wavelengths 

l e s s  than Am and reaches a maximum va lue  a t  a wavelength of 9.2 p, which is 

deaignated X a peak wavelength, a s  ind ica ted  i n  Figure 26b. Since a t h in  
P ' 

NaCl-NaF e u t e c t i c  shee t  has t hese  c h a r a c t e r i s t i c s ,  it can be used a s  a polar- 

i z e r  and a modulator. It can switch on and o f t  the l i g h t  a t  a spec i f i ed  wave- 

length  when t h e  e l e c t r i c  f i e l d  is ro t a t ing .  An explanation is  advanced t o  

account f o r  t h i s  phenomenon i n  terms of two-dimensional Bragg Sca t t e r ing  and 

the  po la r i za t ion  e f f e c t  of Rayleigh s c a t t e r i n g .  

5.3 Theoret ical  Consideration of Opt ica l  Transmittance 1 

We consider now transmit tance through a longi tudina l  s ec t ion ,  i. e.,  

beam perpendicular t o  the  f i b e r s ,  a s  shown i n  Figure 28. Since the  f i b e r l i k e  

microstructure of a t ransverse  s ec t ion  of NaC1-NaF e u t e c t i c  ingot  has  a 

hexagonal pe r iod ic i t )  'I2' and the  a rerage f i b e r  diameter and i n t e r f i b e r  

d i s t ance  a r e  2 and 6 microns, r e spec t ive ly  which a r e  l e s s  than the  wavelength 

t h a t  we a r e  i n t e re s t ed  in, it can be assumed t h a t  t he  l i g h t  is  coherent and 

that i t  propagates through a continuous N a C l  matr ix  and is sca t t e r ed  by the  

NaF f i k r s .  In  o ther  words, only the  index of r e f r a c t i o n  of NaCl should be 

involveu, not  the  e f f e c t i v e  index of r e f r a c t i o n  of t he  NaC1-NaF e u t e c t i c  a s  

suggested by Sievers .  [I3' This hypothesis is reasonable and cons is ten t  

because s c a t t e r i n g  by NaF f i b e r s  is taking p lace  f o r  wavelengths g rea t e r  

than the  average diameter of NaF f i b e r s .  I f  we assume t h a t  NaF f i b e r s  a r e  

t ransmi t t ing  the  l i g h t  perpendicular t o  t h e  f i b e r ,  from one s i d e  t o  the  o the r ,  

- then t h e  high value of t h e  number of f iber-matr ix i n t e r f aces  per  u n i t  volume 

would give e s s e n t i a l l y  zero t ransmit tance f o r  a range of wavelength g rea t e r  

than $. According t o  Figures  26a and 26b, t h i s  is not the  case,  because 

a s i g n i f i c a n t  hump appears i n  t ransmission below t h i s  wavelength. Assume, 

4 6 



then, t h a t  l i g h t  is  t ransmit ted through the  N a C l  mat r ix  but  s c a t t e r e d  by the  

f i b e r s .  Whenever ~ r a g g ' s  Law is e a t i s f  i ed ,  t he  percentage of t ransmi t tance  

decreases  due t o  t he  cons t ruc t ive  r e f l e c t i o n  l o s s ,  s i n c e  such d i f f r a c t e d  

beams w i l l  l eave  the  sample a t  o the r  angles  and w i l l  not  be seen in meal.ure- 

ment of t he  t:ansrnitted beam a t  0 - 0'. IIL our consideratiocl w e  use  t h z  

index of r e f r a c t i o n  of NaC1, % a ~ l  (A), ins tead  of using the e f f e c t i v e  index 

of r e f r a c t i o n ,  (2)  ;(A). Accordingly, 3ragg 's  Law f o r  a  two dimensional 

hexagonal l a t t i c e  is expressed as 

and the  maximum wavelength which s a t i s f i e s  Bragg's Law is 

X - 6 nNaC1 (Am) i, f o r  h-1, k=O, B( in t e r io r  angle)  = 90' (2) m 

where A and a r e  t he  wavelengths ( i n  f r e e  space) as defined previously,  

h  and k a r e  Miller indices ,  0  is  the  Bragg angle  ihside the  c r y s t a l s ,  d  is 

the  average i n t e r f i b e r  d i s t ance  and nNaCl(Am) is the  index of r e f r a c t i o n  - of 

NaCl a t  a s p e c i f i c  wavelength. Since l i g h t  can s t i l l  be t ransmit ted through 

t h e  NaC1-NaF e u t e c t i c  mixture a t  a f a r  i n f r a red  wavelength g rea t e r  than Am, 

a s  indicated i n  Figures  26a and 26b, i ts cut-off t ransmi t tance  is r e l a t e d  t o  

t h e  i n t r i n s i c  cut-off value (25 u) of the  NaCl c r y s t a l ,  not t h a t  (15 p) of the  

NaF f i b e r s ,  (see Figure 27). This a d d i t i o n a l  evidence supports  our  assumption 

t h a t  l i g h t  is t ransmi t ted  through the  NaCl matrix.  

It is  w e l l  known 115*161 t h a t  i n  s c a t t e r i n g  from i s o l a t e d  s c a t t e r i n g  

poin ts ,  when the s c a t t e r i n g  angle 20 is 90°, (here 0 is the e x t e r i o r  angle) ,  

t h e  s c a t t e r e d  wave is polar ized ,  i.e., t he re  is no wave with an e l e c t r i c  f i e l d  

p a r a l l e l  t o  the s c a t t e r i n g  plane which conta ins  incoming and outgoing rays.  

In o the r  words, t he  r ec ip roca l  l a t t i c e  p ~ - i n t  of t h i s  plane is missing a t  t h i s  



r p e c i f i c  wavelength wi th  a 90' s c a t t e r i n g  angle  i n  an Ewald construct ion.  We 

propose t h a t  t h i s  same e f f e c t  expla ins  t he  present  s c a t t e r i n g  from t h e  NaF 

f i b e r s .  Then f o r  cur case,  f o r  t he  e l e c t r i c  f i e l d  perpendicular t o  t h e  f i b e r s ,  

t h e r e  can be no b e ~ m  leaving a t  90. due t o  such cons t ruc t ive  r e f l e c t i o n ;  hence 

. 
t h e  t r a n s a i t t e d  befun w i l l  be  a maximum. The trzm:~mittance should then have 

a peak at a wavelength, A when 8 f o r  the r e f l ec t ed  wave is 4S0, i.e., 
P ' 

A X 
The experimental da t a  of and vergus X were p lo t t ed  

%acl (A) N a C l ( X  )sin4S0 
P 

in Figure 29 which contains  two curves. Since the  same s c a t t e r i n g  plane 

d i f f r a c t s  Am and A a t  0' and 90' s c a t t e r i n g  angles.  respec t ive ly ,  then w e  
P 

should expect t o  f ind  

A ho r i zon ta l  l i n e ,  drawn cross ing  these  two curves,  y i e l d s  values of h and Am 

on the  absc i s sa  as indica ted  i n  Figure 29. Di f fe ren t  l i n e s  should y i e ld  

valuee matching the da t a  a t  d i f f e r e n t  values of 2. 

The Ewald cons t ruc t ion  i n  a r ec ip roca l  space of a two-dimensional 

hexagonal l a t t i c e  can demonstrate the condit ions t h a t  the  Bragg's Law of 

r e f l e c t i o n  is s a t i s f i e d  f o r  wavelengths, Am, Figure 30a, and A Figure 30b, 
P' 

resipectively. The rad ius  of an Ewald c i r c l e  (nNacl(A)) v a r i e s  with wavelength. 

The maximum wavelength, \, s a t i s f i e s  the  Bragg's Law of r e f l e c t i o n  wi th  the  

smallest poss ib le  rad ius  of Ewald CLrcle (Figure 30a). A 90' s c a t t e r i n g  angle  

in an Ewald c o n s t r u c t ~ o n  ao shown in Figure 30b gives a rad ius  of 

1 
3 sin4S0 

. . which corresponds t o  a peak wavelength, h . 
' ? 

P 

48 



Figu.r 29. Variation of AhNaa and A/(nha s;" 45'1 with vavelmgth of 
codiurn chloridr. 



Figun 30. Ewald Circle. (8) Radius is NNaa (A,j Am or 1/d3 d and {b) radi~s i s  

NN8Cl(A )/Ap or l l l f idsin 0). 
P 



I . .  
By knowing t h e  experimental va lues  of A*, the  va lues  of A and the  

P 
t h e o r e t i c a l l y  ca l cu l a t ed  i n t e r f i b e r  spacings,  can be  pred ic ted  from 

Figure 30 o r ,  glven X , we can pred ic t  t h e  va lues  of A and z. This  approazh 
P m 

can be appl ied t o  any of t he  e u t e c t i c  systems as long a s  t h e  index of  

r e f r a c t i o n  of t h e  matr ix  n(X) is known over a range of wavelengths of 

i n t e r e s t .  

Our experimental d a t a  of  Am, A and 3 and those of  S ievers  
P 

[ I3]  are 

l i s t e d  i n  Table 1. Both t h e  t h e o r e t i c a l l y  ca l cu l a t ed  X and 2 are i n  
P 

exce l l en t  agreement wi th  t h e  experimentally determined values ,  i n d i c a t i n g  

t h a t  our new approach f o r  p r ed i c t i ng  h and is  reasonably sound and 
P 

j u s t i f i e d .  

TABLE I 

I n t e r f i b e r  Spacings, Maximum Navelength and Peak Wavelength 

f o r  Bragg Sca t t e r ing  

A (microns) A (microns) 3 (microns) 
m 

Measured Measured Calculated Measured Calculated 

Present d a t a  (1) 13 9.2 9.2 5.10 5.00 
. Present d a t a  (2)  1 2  8.4 8.5 4.74 4.80 

Sievers  d a t a  (3) 14  10.0 9.9 5.93 5.80 
P r ~ s e n t  d a t a  14 10.0 10.0 5.60 5.51 
Sievers  d a t a  (4) 11 7.8 7.8 4.35 4.50 
Present  da t a  11 7.9 7.9 4.50 4.30 

Since our proposed explanat ion f o r  t h e  peak i n  t ransmission a t  h ( fo r  E 1 
P - 

t o  f i b e r s )  depends upon f i b e r  spacing, d ,  t he  breadth of t he  experimental peak 
" .  

is presumably due t o  t he  range of va lues  of d i n  the  sample. We propose, 

therefore ,  t h a t  t h e  more uniform t h e  spacing 2, t h e  shar?er w i l l  be' t h e  

experimental t ransmission peak. Hence, one measurement of t h i s  peak should 

s e rve  to  d e f i n e  t h e  homogeneity of f i b e r  spacing i n  the sample. 



Section 6 
r' e. CONCLUSIONS 

The following conclusions can be drawn from t h i s  report :  

1. Continuous NaF f i b e r s ,  regularly arranged i n  a NaCl matrix, have been 
produced i n  a space environment. 

2. Larger t ransni t tance  over a wider wavelength and b e t t e r  image t r a n s m i ~ s i ~ m  
were obtained from the space-grown materials .  

3. A new concept has been proposed t o  predict  Am, the maximum wavelength, 
and A , the peak wavelength, using the  s o l i d i f i c a t i o n  data. 

P 



Section 7 

RECOMMENDATIONS 

1. To design decanting experiments t o  study the  in te r face  r~orphology i n  the  
s c i e n t i f i c  laboratory t o  be used i n  the ea r ly  f l i g h t s  of the Space ShuttLe. 

2. To e tch  out  MaF f i b e r s  from the NaCl matrix :or the study of mult iple 
channel e lec t ron in tens i f i e r s .  

.: 3. To make extensive study on the  composition cf NaF and NaCl phases using 
e lec t ron micropro be. 
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